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Abstract: Soybean productivity in sub-Saharan Africa (SSA) is less than half of the global average
yield. To plug the productivity gap, further improvement in grain yield must be attained by enhancing
the genetic potential of new cultivars that depends on the genetic diversity of the parents. Hence,
our aim was to assess genetic diversity and population structure of elite soybean genotypes, mainly
released cultivars and advanced selections in SSA. In this study, a set of 165 lines was genotyped with
high-throughput single nucleotide polymorphism (SNP) markers covering the complete genome of
soybean. The genetic diversity (0.414) was high considering the bi-allelic nature of SNP markers.
The polymorphic information content (PIC) varied from 0.079 to 0.375, with an average of 0.324 and
about 49% of the markers had a PIC value above 0.350. Cluster analysis grouped all the genotypes
into three major clusters. The model-based STRUCTURE and discriminant analysis of principal
components (DAPC) exhibited high consistency in the allocation of lines in subpopulations or
groups. Nonetheless, they presented some discrepancy and identified the presence of six and five
subpopulations or groups, respectively. Principal coordinate analysis revealed more consistency
with subgroups suggested by DAPC analysis. Our results clearly revealed the broad genetic base of
TGx (Tropical Glycine max) lines that soybean breeders may select parents for crossing, testing and
selection of future cultivars with desirable traits for SSA.
Keywords: genetic diversity; population structure; KASP SNP markers; soybean
1. Introduction
Soybean (Glycine max (L.) Merr.) is the fourth most widely grown crop worldwide,
and often termed as "miracle crop" because it is a main source of both protein and oil [1].
Despite the relatively low oil content in the seeds of soybean (about 20%) vis-à-vis other
oilseed crops, the better adaptability to different latitudes, and climatic and soil conditions
have enabled this crop to become the most important leguminous oilseed crop worldwide,
accounting for about half of the global production of major oilseeds [2,3]. Over the decade,
soybean production is projected to grow at a higher rate (1.6% per annum) than that of
other major oilseeds such as rapeseed, sunflower, and groundnut (1.4% per annum) [4].
Africa accounts for up to 2% of the global soybean production with key produc-
ers being South Africa, Nigeria, and Zambia with an annual production of 1.32, 0.73,
and 0.35 million tons from the acreages of 0.57, 0.75, and 0.23 million ha, respectively
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(http://faostat.fao.org/, accessed on 15 January 2021). This crop has extreme potential for
improving the nutritional status of low-income populations in sub-Saharan Africa (SSA),
as it offers an excellent source of protein and other nutrients [1,5]. Additionally, being a
leguminous crop, soybean roots have nitrogen fixation capability through symbiosis with
nodulating bacteria in the soil. This contributes to amelioration of soil fertility resulting
in more sustainable production of cereals grown in rotations and makes it a lucrative
choice for SSA farming systems particularly for smallholder farmers [6,7]. Thus, it is a crop
with high potential for expansion in SSA, and its ongoing demand is primarily driven by
the flourishing feed industry for poultry, aquaculture, and home consumption [8]. More
recently, several SSA countries such as Malawi, Ghana, Zimbabwe, Uganda, Sudan, and
Ethiopia have also realized considerable expansion of commercial soybean production [9].
Current evidence indicates that the soybean was grown in Africa as an economic crop
as early as 1903 in South Africa, 1907 in Tanzania, and 1909 in Malawi [8,10,11]. Systematic
soybean breeding efforts in SSA spans over four decades following the establishment of the
International Institute of Tropical Agriculture (IITA), in Ibadan, Nigeria. Consequently, a
large number of improved soybean cultivars were developed in collaboration with National
Agricultural Research Systems (NARS) for target countries [6,12]. Since soybean is an exotic
crop for the SSA, the dependence on IITA soybean materials is not only expected from
NARS with small soybean research programs, but the major soybean-producing countries
of SSA region also rely upon IITA which acts as a gateway for the introduction of elite
genetic stocks from Asia, Australia, and the American continent.
Understanding of the genetic diversity of available germplasm is crucial for successful
crop breeding because sustained progress in developing new improved cultivars with desir-
able attributes in any crop depends on the existence of this diversity. However, despite the
successful role of classical methods, agronomic trait-based approaches are not always suffi-
ciently informative especially when the characteristics are highly sensitive to the genotype-
by-environment interactions [13,14]. Moreover, a lengthy seed-to-seed cycle makes such
trait-based approaches more costly, time-consuming, and labor-intensive, encouraging
researchers to identify alternative methods such as DNA-based marker analysis [14].
The advantages of molecular marker techniques lie in their rapidity and freedom
from phenological stage-specificity. Advances in marker technology, especially medium-
throughput and PCR-based makers simplified the genotyping process. In addition, these
techniques reduced the required amounts of tissue samples needed, thus allowing the
analysis of single seeds or seedlings [14]. The continuous progress in DNA marker tech-
nology replaced previous PCR-based genotyping methods and discouraged traditional
single nucleotide polymorphism (SNP) markers based on electrophoresis system [15].
High-throughput sequence-based SNP markers such as KASP platform (Kompetitive allele-
specific PCR) or gene chip microarray emerged as an attractive option because of low
genotyping error rate, and amenability to automation, thereby resulting in a drastic re-
duction in cost per data point [15–17]. Further to cost-effectiveness, being ubiquitous in
eukaryotic genomes, its locus-specificity and codominant nature are enabling routine use
of SNP markers for a wide range of applications in plant breeding [16,18,19].
The aims of this study were to assess the genetic diversity and identification of
population structure in improved soybean lines adapted to SSA mainly consisting of
advanced breeding lines and cultivars together with some exotic accessions using high-
throughput (with automated analysis) SNP markers.
2. Materials and Methods
2.1. Plant Material and Sampling
A total of 165 soybean genotypes comprising mainly IITA-bred soybean genotypes
representing novel germplasm, advanced lines and cultivars released for commercial
cultivation in SSA [western Africa (Nigeria, Togo, Benin, Ghana, Sierra Leone, Cote d’Ivoire,
and Cameroon), eastern Africa (Kenya, Ethiopia, Uganda, and Burundi), and south-eastern
Africa (Mozambique and Malawi)] were used. In addition to IITA-bred lines, the present
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set of soybean genotypes also contained several lines developed by national partners in
SSA, particularly Zambia, Malawi, and Uganda together with few private sector entries
recently evaluated in the pan-African soybean trial. Additionally, several exotic accessions
originating from Asia (China, India, Indonesia, Japan, Taiwan, and Vietnam) and the
American continent (Brazil, Canada, and USA) were also included in this investigation.
These were introduced in the IITA soybean breeding program during the past decades.
Details of each line including pedigree and country of origin are listed in Supplementary
Table S1. All the genotypes were sown in a screenhouse at IITA in Ibadan, Nigeria. For
molecular analysis, single leaflets of young trifoliate leaves from five-week-old plants
were sampled from randomly selected four to five independent plants in each line and
stored at −80 ◦C in a deep freezer. Prior to genomic DNA extraction, bulked leaves of
each sample were lyophilized for 72 h in a Labconco Freezone 2.5 L System lyophilizer
(Marshall Scientific, LABCONCO, Kansas, MO, USA) and reduced to a fine powder in the
SpexTM Sample Prep 2010 Geno/Grinder (Thomas Scientific, Metuchen, NJ, USA).
2.2. DNA Extraction and Genotyping with SNP Markers
Total genomic DNA extraction was performed with cetyltrimethylammonium bromide
(CTAB) method [20]. The quality and quantity of DNA in each sample was initially assessed
on agarose gel (1.0% w/v) followed by quantification using a Nanodrop ND-1000 ultraviolet
Spectrophotometer (Thermo Scientific, Wilmington, NC, USA). Each DNA sample was dis-
solved in a final volume of 50 µL water with a concentration of 300 ng/µL and transferred
to 96-well plates and shipped to LGC Genomics Facility in London, UK for genotyping
with KASP markers. A total of 192 highly informative SNP markers covering the complete
soybean genome were selected from the “Universal Soy Linkage Panel” described by
Hyten et al. [21] (Supplementary Table S2). The design and synthesis of primers were per-
formed at LGC genomics. The complete procedure of the KASP technology is available at
https://www.lgcgroup.com/products/kasp-genotyping-chemistry/overview/ (accessed
on 25 December 2020).
2.3. Statistical Analysis and Genetic Differentiation of Soybean
Of the 192 SNP markers, those showing less than 20% of missing data and minor
allele frequency equal or above 0.05 were used for further statistical analysis [19]. In
these analyses, 10 lines were excluded from the original set of 165 lines due to their low
sample quality control and high missing data (≥20% missing information) rate. Follow-
ing the computation of polymorphic information content (PIC), major allele frequency,
heterozygosity, and gene diversity at each locus in Power-Marker V3.2.5 [22], the SNP
marker data was subjected to the evaluation of genetic population structure using the
software package STRUCTURE 2.3.4 [23]. The optimal number of subpopulations (K) was
successively determined using Evanno ∆K method. Population structure was assessed in
STRUCTURE HARVESTER software applying the admixture model [24]. The results were
considered by running the data set against 10,000 Markov Chain Monte Carlo iterations
and a burn-in period of 10,000 with ten replicates, assuming the number of subgroups
(K) ranging from 2 to 10. Finally, each genotype was allocated to their respective cluster
at a 60% threshold, while genotypes with less than this value (<60%) were assigned to a
separate cluster designated as an admixed cluster. The pattern of diversity revealed by
STRUCTURE analysis was also complemented with discriminant analysis of principal
components (DAPC) analysis using the R’s Adegenet package [25].
To confirm the genotype’s allocation into subpopulations or groups by STRUCTURE
and DAPC analysis, population phylogeny was also investigated by imputing the full
set of data into DARwin software [26] using the neighbor-joining (NJ) tree feature by
running 30,000 bootstraps. The phylogenetic tree was drawn in FigTree version 1.4.3
software [27]. The genotypes in each cluster of the NJ phylogenetic tree were high-
lighted by different colors corresponding to the results obtained by the STRUCTURE
and DAPC analysis. Relationships among the 155 genotypes were also performed by
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applying a distance-based model, principal coordinate analysis (PCoA). To visualize the
pattern of genetic differentiation within and between groups, DARwin v.6.0.013 software
(http://darwin.cirad.fr, accessed on 15 March 2021) with 25,000 bootstraps was used to
plot PCoA results using the STRUCTURE allele frequencies for each cluster.
3. Results
3.1. Genetic Diversity
Of the 192 SNP markers analyzed, two markers located one each on chromosomes 15
(ss107913067 (dbSNP_ID; https://www.soybase.org/snps/getSNPpos.php, accessed on
20 February 2020)) and 20 (ss107912919) were deleted because of their monomorphic form
in the present soybean panel. Subsequently, four markers (one each on chromosomes 8
(ss107913692), 9 (ss107920162), 10 (ss107917019) and 13 (ss107931019)) were also discarded
from further statistical analysis due to high percent of missing data. Finally, a set of
186 high-quality and informative SNP marker loci, with an average of 9.3 SNP markers per
chromosome, varying from seven on each of chromosomes 5 and 20 to twelve on each of
chromosomes 4, 8, and 12 were retained (Figure 1a) and used to assess the genetic diversity
in the re-defined set of 155 soybean lines (Figure 1b–d).
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Figure 1. Su ary statistics of 186 single nucleotide polymorphism (SNP) markers used for geno-
typing of 155 soybean lines. Marker distribution across chromosomes (a), frequencies of the minor
allele frequency (b), gene diversity (c) and polymorphic information content (d).
Of the 186 SNP markers, 154 (82.80%) had a minor allele frequency (MAF) above 0.2
(Figure 1b) and were considered as markers with normal allele frequencies. Only four
SNPs (2.15%) had a MAF below or equal 0.1, whereas eighteen SNPs (9.68%) showed
almost equal allele frequencies (close to 0.5 MAF; i.e., ≥0.48) for the two alternative alleles.
Similarly, polymorphic information content (PIC) was less than 0.1 for 0.54% of the 186 SNP
markers, while about 50% SNPs (89 of 186 SNPs) had high PIC with a peak distribution
between 0.350 and 0.375 (Figure 1d).
The MAF, PIC, gene diversity (GD) value, and heterozygosity among chromosomes
showed little variation among chromosomes (Supplementary Figure S1). Overall, the mean
value of PIC observed was 0.324 with a range from 0.079 for marker ss107918129 on chro-
mosome 16 to 0.375 for markers ss107929550 (chromosome 2), ss107913694 (chromosome 4),
ss107913051 (chromosome 6), ss107912648 (chromosome 10), ss107919087, ss107913087
and ss107922154 (chromosome 11), ss107912743 (chromosome 12), ss107920828 (chro-
mosome 13), ss107918948 (chromosome 16), ss107920404 (chromosome 17), ss107914462
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(chromosome 18), and ss107913604 (chromosome 20). The average MAF was 0.328, ranging
from 0.043 to 0.500 and GD across all loci was 0.414 with a range from 0.082 to 0.500.
Overall, heterozygosity was low, ranging from 0.000 to 0.190 and averaging 0.058 across all
markers (Table 1). The markers with high heterozygosity (≥0.15) were ss107921286 (0.190),
ss107927727 (0.173) and ss107920596 (0.150). Nonetheless, most of the lines were selected to
be of a single seed type, but high observed heterozygosity at some loci could be attributed
to residual heterozygosity in breeding lines.








Minimum 0.043 0.000 0.082 0.079
Median 0.340 0.055 0.449 0.348
Maximum 0.500 0.190 0.500 0.375
Mean 0.328 0.058 0.414 0.324
3.2. Structure Analysis
Different complementary approaches such as STRUCTURE, DAPC, Neighbor-Joining
(NJ) phylogenetic trees and principal coordinate analysis (PCoA) methods were used to
obtain information about population structure in the present soybean panel consisting of
155 genotypes. Based on the admixture model, STRUCTURE runs, using the present set of
155 soybean lines with 186 SNPs markers data, inferred the presence of six subpopulations
(K = 6) within it (Figure 2a–c). On the other hand, DAPC identified five genetic groups
where the sharp decline in lowest Bayesian Information Criterion (BIC) values dropped at
five (Figure 3a–c).
However, there were discrepancies between STRUCTURE and DAPC analysis in the
number of subpopulation/genetic groups found, but such discrepancies were also noticed
between the size of the STRUCTURE subpopulations and corresponding groups identified
by DAPC analysis (Figure 4). This discrepancy could be because DAPC analysis assigned
all genotypes into five groups (Supplementary Table S3), while 43.2% lines of the panel
(67 lines) could not be assigned to a specific subpopulation or group based on STRUCTURE
method and were considered as admixture (Supplementary Table S3).
Contrarily, the NJ method assigned all the 155 lines to three major clusters (Figure 4),
that showed clear discrepancies with STRUCTURE and DAPC analysis. To facilitate the
comparison, each branch of the tree is shown in the same color as in the STRUCTURE and
DAPC analysis with K = 6 and 5, respectively (Figure 4a,b).
Nonetheless, no complete coincidence was observed in the clustering patterns revealed
by all the three methods. For instance, cluster A suggested by NJ analysis contained
66 genotypes originating mainly from IITA lines. Interestingly, both STRUCTURE and
DAPC analysis showed the basic division among these IITA-bred TGx (Tropical Glycine max)
lines in cluster A that could be further divided into three subpopulations or groups,
demonstrating the complete coincidence between the two methods (Figure 3).
Cluster B contained 50 genotypes originating mainly from Zambia followed by USA
and IITA which seemed to be further divided into two sub-clusters (B1 and B2) with an
equal number of genotypes. Majority of genotypes in sub-cluster B1 originated from
Zambia together with two cultivars from IITA (TGx 1892-10F and TGx 1895-33F) and three
each from China (H7, H10, and PI 459025B) and the USA (LG12-1902, Clark, and Pickett).
Of the 25 genotypes belonging to sub-cluster B1, STRUCTURE analysis allocated all the
Zambian lines together with Clark and PI 459025B to subpopulation 5, with the rest being
admixed. On the other hand, DAPC analysis allocated subpopulation 5 together with
admixed lines, except ‘Solar 12’ and ‘Pickett’ in first sub-cluster (B1) into a single group
(SP III). Similarly, there was consistency between the STRUCTURE analysis and DAPC
in the second sub-cluster (B2) where most of the lines from Zambia together with two
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advanced TGx lines (AVT2-TGx 2001-11DM and AVT3-TGx 2014-9FM) were allocated to
subpopulation 1 corresponding to group V of DAPC analysis. However, some lines in sub-
cluster B2, originating from South Africa (Ergret, Dundee and IBIS 2000), Canada (Heron),
USA (LG13- lines), Indonesia (PI 567090), Brazil (Santa rosa) and Zambia (ZIGX1004)
suggested as admixture by STRUCTURE analysis were allocated to a new group (III) by
DAPC analysis.
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The 39 genotypes allocated in cluster C by NJ analysis were of diverse origin and
including the majority of TGx lines (22 of 39) followed by PI accessions originating from In-
donesia, China, Taiwan, Vietnam, Japan, and India. Of these lines, only eight and two TGx
lines were allocated by STRUCTURE analysis to subpopulations 3 and 4, respectively, while
the remaining three-fourth of genotypes, including TGx lines, were admixed. Noticeably,
four of the eight (TGx 1448-2E, TGx 1937-1F, TGx 1951-3F, and TGx 1951-4F) and two (TGx
1485-1D and TGx 1830-20E) TGx lines allocated to subpopulations 3 and 4, respectively,
were released as cultivars across SSA (Table S1). Nonetheless, DAPC allocated both sub-
populations (3 and 4) together with additional TGx lines, including some released cultivars
as well as advanced lines, four PI accessions (one from Vietnam and three from Indonesia)
and one cultivar from USA which were designated as admixture by STRUCTURE analysis
within cluster C to a single group (IV). Some cultivars such as TGx 1835-10E (IITA), ‘Ankur’
(PI 462312, India), MW3 (Malawi) and Yeluanda (USA) and PI 230,970 (Japan) designated
as admixture by STRUCTURE in cluster C were allocated by DAPC analysis to group V.
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Similarly, one TGx (TGx 2004-13F(WF)) line together with one PI accession from Taiwan
(PI 635999) and one TGM line from IITA’s gene bank (TGM 188) with PI accession from
China designated as admixture by STRUCTURE analysis were assigned by DAPC analysis
to group 1 and 3, respectively.
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variance for the retained principal component analysis (PCA) eigenvectors (c) based on the Bayes-
ian information criterion. (b) Ordination plot of DAPC for the five groups and eigenvalues are 
given in bottom-right inset. Note: Genetic group/clusters are depicted by different colors and iner-
tia ellipses whereas dots represent genotypes. 
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Figure 3. Summary of discriminant analysis of principal components (DAPC) for 155 soybean lines.
(a,c), Optimal k number of genetic groups/clusters (a) and the percentage of cumulative variance for
the retained principal component analysis (PCA) eigenvectors (c) based on the Bayesian information
criterion. (b) Ordination plot of DAPC for the five groups and eigenvalues are given in bottom-right
inset. Note: Genetic group/clusters are depicted by different colors and inertia ellipses whereas dots
represent genotypes.
The genetic structure of the present panel was also analyzed by using PCoA based on
genetic similarity values from the proportion of shared alleles. As shown in Figure 5a,b,
the first and second axes explained 10.43% and 9.51% variation, respectively, and separated
IITA-bred lines from Zambian lines. However, some overlaps between IITA and other
clusters were also observed.
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had a MAF value below 0.1 (Figure 1b). The mean gene diversity of 0.42 recorded in this 
study is higher than that of Liu et al. [30] who reported a mean gene diversity of 0.35 using 
Figure 5. Principal coordinate analysis (PCoA) of the 155 s ybean lines. Color-coded according to membership
(based on > 60% identity) to subpopulatio s identified from structure analysis at K = 6 (a) and DAPC analysis K = 5 (b). Note:
numerical corresponding with Roman letters d signate subpopulations ident fied by STRUCTURE and DAPC, r sp ctively.
Lines belonging to subpopulation 4 (STRUCTURE) are denoted by re tangles.
4. Discussion
During the last four decades, soybean lines developed at the IITA (TGx lines) have
contributed to a significant increase in soybean productivity and farm income in SSA [12].
Despite the substantial progress in soybean improvement that has occurred over the years,
the existence of a narrow genetic base in most of soybean breeding programs, including in
the USA, has raised major concerns [28]. Hence, continuous assessment of the genetic base
of soybean programs is highly necessary for designing appropriate strategies and may also
guide the incorporation of new germplasm in the programs.
Previously mapped 186 KASP SNP markers covering all the 20 soybean chromo-
somes [21] have been used in the assessment of genetic diversity in 155 soybean genotypes.
Wherefore, genome-wide coverage resulting in a uniform representation of all the chromo-
somal regions was achieved, thus allowing more precise estimation of genetic diversity [29].
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The MAF value is a measure of the discriminating ability of the markers. In SNP markers,
the closer the value is to 0.5, the better, due to their bi-allelic nature. In the present study,
67 SNP markers showed a MAF between 0.4 and 0.5, while only four SNPs had a MAF
value below 0.1 (Figure 1b). The mean gene diversity of 0.42 recorded in this study is higher
than that of Liu et al. [30] who reported a mean gene diversity of 0.35 using 5195 SNP mark-
ers to screen 577 soybean accessions. Nonetheless, it is lower compared to the 0.78 and 0.55
reported by Abe et al. [31] and Denwar et al. [32], respectively, in soybean using microsatel-
lite (SSR) markers. The lower gene diversity with SNP markers is due to their bi-allelic
nature when compared with multi-allelic markers such as SSR, as theoretically, maximum
gene diversity observable with biallelic markers is 0.5. In contrast, for multi-allelic markers
the maximum can approach 1. Such discrepancy in genetic diversity was also confirmed
by Li et al. [33] in soybean who observed substantially lower genetic diversity in the case
of SNPs (0.35) than SSR (0.77) markers.
To explore whether the present panel contained genetically distinct subgroups, the
population structure of the 155 soybean lines was also done using different methods such
as model-based population STRUCTURE, DAPC, and PCoA analysis. Cluster analysis allo-
cated all the genotypes into three major clusters and showed, to some extent, a separation
by origin of the lines with related lines tending to cluster together. For instance, all the lines
in cluster A originated from the SSA, mainly from IITA with exception of single genotype
Shelby introduced from the USA. On the other hand, cluster B contained majority of lines
from Zambia followed by USA and IITA while cluster C represented most of the IITA lines,
together with PI accessions originating from Asia. Nonetheless, the NJ-cluster method
showed low concordance with the other multivariate methods in assigning genotypes into
their respective groups, but this is not unusual in cluster analysis [34,35].
The use of different clustering methods (Bayesian vs. multivariate analysis) was im-
portant for analyzing population structure and resulting genetic clusters because it led to a
less biased assessment of data. The multivariate analysis led to a deeper understanding of
the relationships of IITA bred TGx lines and consistently identified several subpopulations
within it. However, STRUCTURE and DAPC analysis showed a slight variation and identi-
fied six and five subpopulations, respectively. Consistent results were obtained based on
PCoA and confirmed the subgroups suggested by DAPC. Based on multivariate methods,
each subpopulation contained the maximum number of TGx lines except subpopulation 5
(STRUCTURE) corresponding to group III (DAPC), indicating wide variation in TGx lines
developed by IITA soybean breeding program. These results are in concordance with
Denwar et al. [32], who also suggested the largest genetic variation in TGx lines, while
genotypes from the USA were less diverse.
In conclusion, high levels of polymorphism and other genetic diversity indices ac-
cessed suggest the existence of substantial genetic variability in the present set of soybean
lines. Although soybean germplasm at IITA is mainly derived from the USA, which in
its turn was introduced from China; the soybean lines used in this study presented a
significant structure between the subpopulations or groups according to their pedigree or
geographic origin. The allocation of the TGx lines in all major clusters or subpopulations,
revealed by multivariate methods, indicate that IITA’s plant breeders have successfully
generated a broad genetic base of TGx lines over the years while focusing on improving
local adaptation to different agroecosystems in the potential soybean growing areas of SSA.
It is noteworthy to mention that the material used in the present study comprised mainly
advanced breeding lines together with released cultivars and some elite accessions. This
fact indicates that these materials represent potential contrasting parental reservoirs for a
wide array of novel alleles for economically important traits including yield and host plant
resistance to pathogens causing diseases. Hence, these results may provide opportunities
for breeders in the SSA to enhance breeding efficiency in their soybean improvement
programs through effective parental selection, while enabling them to assess better the
need in using exotic germplasm to manage the reservoir of broader genetic diversity base
in soybean.
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